The synthesis of side-chain 13 C-labeled geranylgeranyl-4-hydroxybenzoic acids and geranylgeranyl-3,4-dihydroxybenzoic acids is described. The synthesis starts from O-protected methyl hydroxyiodobenzoates, which are transformed into Grignard reagents by low-temperature iodine-magnesium exchange according to Knochel's procedure. Copper catalyzed cross-coupling with labeled geranylgeranyl bromide followed by deprotection affords the products with good yields and full retention of stereochemistry.
In the course of our studies on the biosynthesis of meroterpenoids from larger fungi, we required side-chain 13 Clabeled polyprenylhydroxybenzoic acids for feeding experiments. Unfortunately, known methods for the polyprenylation of hydroxybenzoic acids appeared to be unsuitable for the preparation of the valuable isotope-labeled compounds due to lack of generality, unreliable yields or loss of stereochemical integrity in the side chain. In this publication we describe an effective method for the introduction of polyprenyl side chains into hydroxybenzoic acids that circumvents these problems.
The Claisen alkylation
2 of 4-alkoxycarbonylphenolates with (poly)prenyl bromides 3 represents the most common method for the synthesis of 4-hydroxy-3-(poly)prenylbenzoic acids. The reported yields, however, are generally low, covering a range between 7% 3b and 37%. 3c Recently, Wessjohann 4 developed an enzymatic method for the transfer of polyprenyl pyrophosphates to the meta-position of 4-hydroxy-and 4-aminobenzoic acids using a prenyltransferase isolated from an overproducing strain of E. coli.
The syntheses of (2¢E,6¢E)-3-farnesyl-4-hydroxybenzoic acid and 3-farnesyl-4,5-dihydroxybenzoic acid were accomplished by the Stille coupling. 5 This methodology, however, suffers from the problem of removing toxic 6a traces of organotin compounds. 6b In the course of the Stille coupling of methyl 4,5-diacetoxy-3-[(tri-n-butyl)stannyl]benzoate with polyprenyl bromides, we also observed the formation of a 3:1 E/Z mixture at C-2¢. [7] [8] [9] [10] Methods based on the formation of lithiated intermediates use silyl-protected benzyl alcohols 11 or oxazolines 12 instead of the corresponding ester derivatives. In these cases additional protection/deprotection steps, as well as changes of the oxidation state, are required.
In recent years, important progress in Grignard methodology has been contributed by Knochel and coworkers. 13 They demonstrated that halogen-magnesium exchange in (hetero)aryl or alkenyl halides can be performed with iPrMgBr at low temperatures, thereby avoiding reaction of the resulting Grignard reagents with sensitive functionalities such as amide, cyano, halogen, or carboxylic ester groups. We believed that this technique would allow us to introduce the valuable 13 C-labeled side chain into iodobenzoic acid derivatives at a later stage of the synthesis. The preparation of the desired O-protected hydroxyiodobenzoates is depicted in Scheme 1.
In the synthesis of iodoester 2, methyl 4-hydroxybenzoate was treated with NaI and chloramine-T 14 and the resulting 
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to the corresponding bromides (e.g. 14), the Appel reaction 26 was preferred over the use of PBr 3 .
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With the four aryl iodides 2, 5, 8, and 11 at hand, we were able to show that the iodine-magnesium exchange under Knochel's conditions 13 was complete after 0.5 h at -20°C without affecting the ester group. 28 Not surprisingly, the coupling of the Grignard compounds with polyprenyl bromides required catalysis.
Dilithium tetrachlorocuprate(II) 29 is a frequently used catalyst in the reaction of Grignard reagents with electrophiles. 30 The catalytically active species is most likely a copper(I) derivative 31 formed in situ on reduction of the copper(II) complex by the organomagnesium compound. In cases of intramolecular stabilization of the Grignard reagent by chelating substituents, e.g. MOM ethers, this reduction is reported to be seriously hampered, resulting in reduced coupling yields. 32 This can be prevented by the use of dilithium trichlorocuprate(I) instead of the copper(II) salt. 32 Accordingly, we used the copper(I) complex 33 as a catalyst and good coupling yields with geranyl bromide were obtained. Later, however, no significant difference between the copper(I) complex and dilithium tetrachlorocuprate(II) was noted. The latter is commercially available and can be stored in THF solution. With both copper catalysts, a (S N 2) substitution occurred exclusively, and no g (S N 2¢) substitution product was detectable by NMR. E/Z isomerization of the 2¢-double bond in the polyprenyl chain was negligible, and the coupling yields with geranylgeranyl bromide (14) were generally in the range of 70%-88%. With respect to the valuable isotope-labeled side chain, a slight excess (1.2 equivalents) of aryl iodide was employed.
The methyl ester and silyl ether groups of 24 were cleaved with LiOH to afford hydroxy acid 25. Standard hydrolysis of the corresponding esters furnished the crude acids 16, 19, and 22, respectively. The MOM groups of 19 and 22
were cleaved with 0.5 M HCl in i-PrOH 34 to yield 20 and 23, respectively. Acetal hydrolysis of 16 required both higher HCl concentration and prolonged reaction time. Under these conditions, however, a significant amount of material underwent HCl addition to the terminal double bond;
35 this could not be prevented by addition of 20 equivalents of 2-methyl-2-butene. The problem was finally solved by deprotecting 16 with p-toluenesulfonic acid in i-PrOH at 60°C.
In conclusion, we have developed a reliable method for the synthesis of stereo-and regiochemically defined polyprenylhydroxybenzoic acids. These compounds are not only potential biosynthetic precursors of meroterpenoids from larger fungi, 36 but are also intermediates in the biosynthesis of ubiquinones. 37 They have been isolated from several plants, fungi and marine sponges 38 and include acids 17, 38f-j 20, 38j,k and 23, 38j,k whose syntheses are reported for the first time. Their NMR and IR spectra are in good agreement with the literature data. 38k In addition, our new method offers easy access to many other compounds of this type. To the best of our knowledge, 4-hydroxybenzoic acids carrying a polyprenyl residue at C-2 have not been prepared before. tography were distilled before use. THF was distilled under Ar from Na/benzophenone. CH 2 Cl 2 was distilled under Ar from Sicapent (Merck). Dry DMF was purchased from Fluka.
n-BuLi was purchased as a solution in hexanes (Aldrich) and the actual concentration was determined using diphenylacetic acid.
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Li 2 CuCl 4 (0.2 M solution in THF) was obtained from Aldrich. Alternatively, the solution was prepared from dry LiCl und CuCl 2 . 29 Geraniol was purchased from Fluka, (2E,6E)-farnesol from Aldrich. For every substitution pattern of the polyprenylhydroxybenzoic acids, the geranyl, (2¢E,6¢E,10¢E)-geranylgeranyl, and (2¢E,6¢E,10¢E)-[1- 13 C]geranylgeranyl derivatives were synthesized. Only the data of the labeled geranylgeranyl compounds are given.
Air and moisture sensitive compounds were handled under argon using standard Schlenk techniques.
Methyl 4-Hydroxy-3-iodobenzoate (1)
To a solution of methyl 4-hydroxybenzoate (1.52 g, 10 mmol) and NaI (1.80 g, 12 mmol) in MeCN (30 mL) was added within 10 min chloramine-T trihydrate (3.38 g, 12 mmol). The mixture was stirred for 1.5 h at r.t., then slightly acidified with 2 N HCl and concentrated in vacuo. H 2 O (30 mL) was added and the resulting mixture was extracted with EtOAc (3 × 40 mL). The combined organic layers were washed with aq Na 2 S 2 O 3 and brine, dried (Na 2 SO 4 ), and concentrated in vacuo. Flash chromatography (FC) (hexanes-EtOAc, 3:1) afforded a colorless solid (2.47 g) consisting of 8.3 mmol of 1 (83% yield) and 1.1 mmol of starting material (determined by 1 H NMR).
Methyl 3-Iodo-4-(methoxymethoxy)benzoate (2)
To a solution of 1 (2.40 g, containing 8.1 mmol of 1 and 1.1 mmol of methyl 4-hydroxybenzoate) in CH 2 Cl 2 (15 mL) were added iPrNEt 2 (3.7 mL, 22.5 mmol) and a 6 M solution of MOMCl in EtOAc 15b (2.5 mL, 15 mmol). The mixture was stirred at r.t. until the reaction was complete (5 h). 2 N NH 4 OH (30 mL) was added and the resulting mixture was extracted with Et 2 O (3 × 40 mL). The combined organic phases were washed with brine and dried (Na 2 SO 4 ). After removal of the solvent in vacuo, FC (hexanesEtOAc, 7:1) afforded a colorless solid (2.42 g) containing 6.9 mmol of 2 (83% yield) and 1.0 mmol of methyl 4-(methoxymethoxy)benzoate (determined by 1 H NMR). 
3-Iodo-4,5-bis(methoxymethoxy)benzaldehyde (4)
To a stirred suspension of 5-iodovanillin (1.39 g, 5.00 mmol) in dry CH 2 Cl 2 (10 mL), BBr 3 (1.20 mL, 12.5 mmol) was added at 0°C under argon. The ice bath was removed and the mixture was stirred for 4 h at r.t. After cooling to 0°C, MeOH (10 mL) was added slowly and the solution was subsequently refluxed for 0.5 h under an argon atmosphere. The volatiles were distilled off, and H 2 O (30 mL) was added to the obtained residue. The mixture was extracted with EtOAc (3 × 40 mL), and the combined organic phases were washed with brine and dried (Na 2 SO 4 ). Concentration in vacuo yielded C-6) , 134.0 (C-1), 135.1 (C-2), 149.9/151.7 (C-4, C-5), 189.5 (CHO).
Methyl 3-Iodo-4,5-bis(methoxymethoxy)benzoate (5)
To a solution of 4 (1.17 g, 3.33 mmol) in MeOH (40 mL) at 0°C was added a cold solution of KOH (0.49 g, 8.65 mmol) in MeOH (11 mL), followed by rapid addition of a cold solution of iodine (1.10 g, 4.33 mmol) in MeOH (11 mL). The mixture was treated with sat. aq NH 4 Cl (30 mL) and sat. aq Na 2 S 2 O 3 (10 mL) and then extracted with EtOAc (3 × 40 mL). The combined extracts were washed with H 2 O and brine, dried (Na 2 SO 4 ), and concentrated. FC (hexanes-EtOAc, 5:1) afforded 5 as a yellowish oil (1.20 g, 3.13 mmol, 94% 
3,4-Bis(methoxymethoxy)benzaldehyde (6)
To 3,4-dihydroxybenzaldehyde (3.94 g, 28.5 mmol) in anhyd DMF (30 mL) was added a 6 M solution of MOMCl in EtOAc 15b (19 mL, 0.11 mol), followed by i-PrNEt 2 (29 mL, 0.17 mol). After stirring for 5 h at r.t., 2 N NH 4 OH (30 mL) was added and the mixture was extracted with Et 2 O (3 × 40 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ), and concentrated. FC (hexanes-EtOAc, 5:2) afforded 6 as a colorless solid (5 
2-Iodo-3,4-bis(methoxymethoxy)benzaldehyde (7)
In a dry, argon-flushed Schlenk flask equipped with a gas inlet and rubber septum, N,N,N¢-trimethylethylenediamine (0.57 mL, 4.4 mmol) was dissolved in anhyd THF (10 mL), and a solution of nBuLi (4.2 mmol) in hexanes was added dropwise at 0°C. After stirring for 15 min at r.t., the mixture was cooled to -20°C, and a solution of 6 (0.91 g, 4.00 mmol) in anhyd THF (3 mL) was added slowly. The mixture was stirred for an additional 0.5 h at -20°C and then treated with n-BuLi (12 mmol). After stirring at -20°C for 3 h, the solution was cooled to -40°C, and a solution of 1,2-diiodoethane (5.1 g, 18 mmol) in anhyd THF (5 mL) was added (caution: gas development). After 5 min, the cooling bath was removed and the mixture was allowed to reach r.t. After the addition of sat. aq NH 4 Cl (30 mL) followed by sat. aq Na 2 S 2 O 3 (10 mL), the solution was extracted with Et 2 O (3 × 40 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ), and concentrated OCH 3 ), 100.6 (C-2), 116.3 (C-5), 127.4 (C-6), 131.1 (C-1), 147.4/155.7 (C-3, C-4 
Methyl 2-Iodo-3,4-bis(methoxymethoxy)benzoate (8)
To a solution of 7 (0.400 g, 1.14 mmol) in MeOH (15 mL) was added at 0°C a cold solution of KOH (0.195 g, 2.96 mmol) in MeOH (3.5 mL), followed by rapid addition of a cold solution of I 2 (0.375 g, 1.48 mmol) in MeOH (3.5 mL). After stirring for 1 h at 0°C, the addition of KOH and I 2 was repeated, and the stirring was continued at 0°C until the reaction was complete (2 h). After the addition of sat. aq NH 4 Cl (30 mL) and sat. aq Na 2 S 2 O 3 (10 mL), the mixture was extracted with Et 2 O (3 × 40 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ), and concentrated. 
4-(Triisopropylsilyloxy)benzaldehyde (9)
Following the standard procedure, 43 4-hydroxybenzaldehyde (1.22 g, 10 mmol) was reacted with TIPSCl (2.12 g, 11 mmol), NEt 3 (1.67 mL, 12 mmol), and DMAP (0.12 g, 1 mmol) in CH 2 Cl 2 (20 mL). After workup, FC (hexanes-EtOAc, 15:1) afforded 9 as a colorless oil (2.68 g, 9.64 mmol, 96%).
2-Iodo-4-(triisopropylsilyloxy)benzaldehyde (10)
In a dry, argon-flushed Schlenk flask equipped with a gas inlet and rubber septum, N,N,N¢-trimethylethylenediamine (0.56 mL, 4.40 mmol) was dissolved in anhyd THF (10 mL). At 0°C, n-BuLi (4.20 mmol) in hexanes was added and the solution was stirred for 15 min at the same temperature. The mixture was cooled to -20°C and treated slowly with a solution of 9 (1.11 g, 4.00 mmol) in anhyd THF (3 mL). After 0.5 h, n-BuLi (12 mmol) was added and the solution was stirred for 15 h at -20°C. Then the mixture was cooled to -40°C and treated with a solution of 1,2-diiodoethane (5.1 g, 18 mmol) in anhyd THF (5 mL). Workup as described for compound 7 and FC (hexanes-EtOAc, 25:1) yielded 10 as a yellow oil (1.29 g, 3.20 mmol, 80% 
Coupling of the Iodobenzoic Acid Derivatives with Polyprenyl Bromides; General Procedure
In a dry, argon-flushed Schlenk flask equipped with a gas inlet and rubber septum, the corresponding aryl iodide (0.6 mmol) was dissolved in anhyd THF (3 mL). After cooling to -20°C, i-PrMgBr 
